Cellobiohydrolases hydrolyze cellulose, a linear polymer with glucose monomers linked exclusively by b-1,4 glycosidic linkages. The widespread hydrogen bonding network tethers individual cellulose polymers forming crystalline cellulose, which prevent the access of hydrolytic enzymes and water molecules. The most abundant enzyme secreted by Myceliophthora thermophila M77 in response to the presence of biomass is the cellobiohydrolase MtCel7A, which is composed by a GH7-catalytic domain (CD), a linker, and a CBM1-type carbohydrate-binding module. GH7 cellobiohydrolases have been studied before, and structural models have been proposed. However, currently available GH7 crystal structures only define separate catalytic domains and/or cellulose-binding modules and do not include the full-length structures that are involved in shaping the catalytic mode of operation. In this study, we determined the 3D structure of catalytic domain using X-ray crystallography and retrieved the full-length enzyme envelope via small-angle X-ray scattering (SAXS) technique. The SAXS data reveal a tadpole-like molecular shape with a rigid linker connecting the CD and CBM. Our biochemical studies show that MtCel7A has higher catalytic efficiency and thermostability as well as lower processivity when compared to the well-studied TrCel7A from Trichoderma reesei. Based on a comparison of the crystallographic structures of CDs and their molecular dynamic simulations, we demonstrate that MtCel7A has considerably higher flexibility than TrCel7A. In particular, loops that cover the active site are more flexible and undergo higher conformational fluctuations, which might account for decreased processivity and enhanced enzymatic efficiency. Our statistical coupling analysis suggests co-evolution of amino acid clusters comprising the catalytic site of MtCel7A, which correlate with the steps in the catalytic cycle of the enzyme.
Cellobiohydrolases hydrolyze cellulose, a linear polymer with glucose monomers linked exclusively by b-1,4 glycosidic linkages. The widespread hydrogen bonding network tethers individual cellulose polymers forming crystalline cellulose, which prevent the access of hydrolytic enzymes and water molecules. The most abundant enzyme secreted by Myceliophthora thermophila M77 in response to the presence of biomass is the cellobiohydrolase MtCel7A, which is composed by a GH7-catalytic domain (CD), a linker, and a CBM1-type carbohydrate-binding module. GH7 cellobiohydrolases have been studied before, and structural models have been proposed. However, currently available GH7 crystal structures only define separate catalytic domains and/or cellulose-binding modules and do not include the full-length structures that are involved in shaping the catalytic mode of operation. In this study, we determined the 3D structure of catalytic domain using X-ray crystallography and retrieved the full-length enzyme envelope via small-angle X-ray scattering (SAXS) technique. The SAXS data reveal a tadpole-like molecular shape with a rigid linker connecting the CD and CBM. Our biochemical studies show that MtCel7A has higher catalytic efficiency and thermostability as well as lower processivity when compared to the well-studied TrCel7A from Trichoderma reesei. Based on a comparison of the crystallographic structures of CDs and their molecular dynamic simulations, we demonstrate that MtCel7A has considerably higher flexibility than TrCel7A. In particular, loops that cover the active site are more flexible and undergo higher conformational fluctuations, which might account for decreased processivity and enhanced enzymatic efficiency. Our statistical coupling analysis suggests co-evolution of amino acid clusters comprising the catalytic site of MtCel7A, which correlate with the steps in the catalytic cycle of the enzyme.
Introduction
Enzyme-assisted decomposition of plant polysaccharides into metabolically active sugars is central to global energy transfer and natural carbon recycling. Dead plants contain lignocellulosic materials constituted by at least three polysaccharides: cellulose, hemicellulose, and pectin, all of which are susceptible to enzymatic degradation and conversion into bioproducts such as biofuels and biochemicals. Cellulose is the most homogeneous and valuable polymer found in biomass because it contains only glucose molecules in its macromolecular composition tethered solely to each other by glycoside b-1,4 bonds supporting long linear chains with lengths of 2000-25 000 glucose residues [1, 2] . Individual chains cooperate through an intricate hydrogen bonding pattern which alternates with the idiosyncratic arrangement of the pyranose ring and conformational changes in hydroxymethyl groups, forming microfibrils that exhibit various degrees of crystallinity [3] . Accessing crystalline hydrophobic cellulosic microfibrils by enzymes that contain a hydrolytic catalytic active center is problematic [4] -they require water and enough porosity to access the substrate.
The utility and chemical properties of cellulases have been studied since the 1970s [5] , and much has since been discovered [6, 7] . Cellulases and other carbohydrate hydrolases were initially categorized by an algorithm that compares amino acid sequence similarity and three-dimensional folding patterns into an evergrowing number of glycoside hydrolase (GH) families within the currently well-established and recognized CAZY classification system [8] . For the most part, GH family members hydrolyze glycosidic bonds between sugar moieties and most enzymes discriminate stereochemical bonding patterns; for example, cellulases hydrolyze b-1,4 linkages, while lichenases hydrolyze b-1,3 or b-1,4 linkages and amylases recognize a-1,4 or a-1,6 linkages [9] . While all hydrolases follow a similar acid-base water splitting catalysis mechanism, they harbor stereo-specific substrate-binding sites [10] .
Cellobiohydrolases (CBHs, 3.2.1.176) are enzymes that hydrolyze b-1,4-linked glycoside bonds from cellulose polymer chains at their termini, processively clipping off dimers (cellobiose molecules) [11] . Endoglucanases (EC 3.2.1.4), on the other hand, choose a random internal, mostly amorphous, cellulose chain as the site of hydrolysis augmenting the number of cellulosic chain termini and releasing stalled CBHs. Thus, the combination of endoglucanases and CBHs results in synergism [12, 13] . Because the substratebinding site involves four, five, six, or more glucose molecules and the catalytic center only hydrolyzes one glycosidic bond per enzymatic cycle, the breakdown product typically is two or three sugar units long. bGlucosidases, on the other hand, are enzymes with a similar catalytic mode of action but specialized in hydrolyzing glucose oligomers producing single glucose units [14] .
The majority of fungal genomes encode multiple forms of two types of CBHs, the GH7-reducing and GH6-nonreducing end cleaving enzymes [6] ; while typically present in multiple isoforms, at least one in each family contains an extra linker and a cellulose-binding (CBM1) domain [15] . GH7-CBH with a CBM1 is the major enzyme secreted by most fungi (often half of all secreted protein mass) in biomass hydrolysis conditions [16, 17] that acts processively from the reducing terminus from a single cellulose chain with retention of substrate configuration [18] [19] [20] . The processive nature along with activity on single cellulose chains makes these enzymes notoriously inefficient (low turnover rates with high-affinity constants), thus justifying their massive overproduction [6] . Nevertheless, this overproduction also illustrates that the nature of CBH cleavage of glycosidic bonds is important in cellulose degradation making worthwhile the invested energy in synthesizing and secreting such sizable amounts of a single protein.
Around one-third of all GH7 enzymes have bimodular architecture with N-terminal catalytic domain (CD) connected to the C-terminal family 1 carbohydratebinding module (CBM1) by an O-glycosylated linker of around 30 amino acid residues that adopt an extended conformation [21] [22] [23] . Crystallographic structures of nine GH7 CBH CDs from fungi and one from a marine animal [24] have been described. These enzymes share a b-jelly roll fold with a curved b-sandwich constituted by two antiparallel b-sheets forming a long substrate-binding groove that accommodates the catalytic residues [16, 23] .
Myceliophthora thermophila is a thermophilic fungus that grows well between 45 and 50°C and is capable of secreting many glycoside hydrolases, ligninolytic and auxiliary oxidation enzymes assisting the breakdown of cellulose and hemicellulose [25] . This wide inventory of plant cell wall-degrading enzymes has been discovered by whole-genome sequencing (Genome Portal, Joint Genome Institute, University of California) and is corroborated by transcriptome and proteome data [25] [26] [27] . Because M. thermophila has been used as a host producing extracellular enzymes often stable at high temperatures, it shows great potential applications in biotechnology [28] . Purification and biochemical characterization of CBH Cel7A from M. thermophila have been published [29] ; however, a deeper understanding of its structural folding pattern and its implications for the enzyme function lingers to be accomplished.
M. thermophila secretes four GH7 enzymes [27], of which the most abundant MtCel7A and MtCel7D include a CBM1 domain, while MtCel7B and MtCel7C do not. Here, we report X-ray tridimensional structure of MtCel7A CBH catalytic domain refined to 2.3 A resolution. Moreover, the native full-length MtCel7A was studied by small-angle X-ray scattering (SAXS) revealing its shape and conformational flexibility in solution as well as the catalytic properties of the enzyme. Once in possession of crystallographic MtCel7A CD and 'in solution' SAXS low-resolution envelope for the full-length MtCel7A, we attempted 'de novo' molecular modeling of other M. thermophila GH7-CBHs and we found that at the entrance of the tunnel, a series of flexible loops are the guiding principle for processive or nonprocessive action. The MtCel7A structure was also used as a template in statistical coupling analysis (SCA) to map co-evolved sectors. The SCA-identified sectors of co-evolved residues are correlated with the steps of the processive catalytic cycle performed by the GH7 cellulases.
Results
Amino acid sequence structural relationships of M. thermophila secreted GH7 hydrolases M. thermophila M.77 secretes four GH7 hydrolase genes encoding two CBHs, MtCel7A and MtCel7B, and two endoglucanases, MtCel7C and MtCel7D [27]. M. thermophila M77 is 98.95 and 99.45% identical to M. thermophila strain ATCC_42464 [25] on DNA and amino acid sequence levels, respectively [27] . All four GH7 cellulases are expressed and secreted extracellularly when the fungus is cultivated in medium containing cellulose. CBHs, MtCel7A and MtCel7B, are the predominant forms of cellulases secreted under cellulose conditions [27] .
Alignment of all four M. thermophila GH7 hydrolases reveals modular organization (Fig. 1) . MtCel7A is similar to CBHs from Humicola grisea var. thermoidea and Chaetomium thermophilum, 79 and 77% amino acid sequence identity, respectively (Fig. S1 ). Figure 1 shows that both, MtCel7A and MtCel7B, have a typical CBH tunnel-like catalytic (CD) domain and MtCel7A is followed by a linker and carbohydrate-binding domain CBM1. MtCel7C and MtCel7D have a catalytic domain (CD) with an open cleft architecture typical for endoglucanases, and MtCel7D contains the additional linker and CBM1 domain.
The MtCel7A CD shares identity with CBHI from C. thermophylum (82%) and Thielavia terrestris (81%). The CBM domain shows similarity with H. grisea (93%), C. thermophylum (85%), and T. terrestris (87%), and linker regions are approximately 42 amino acid residues long, rich in Ser (29%), Thr (12%), and Pro (17%). Based on NetOGlyc analysis, this linker region is likely glycosylated with over 80% of Ser/Thr signals being linked to an O-glycan and only one likely N-glycosylation site (Asn271).
Cellobiohydrolase MtCel7A purification and mass spectrometry analysis
To obtain enough protein to perform a comprehensive MtCel7A structural and functional study, M. thermophile M.77 was cultivated for 2 days in cellulose medium harvested by filtration and centrifugation and concentrated by ultrafiltration. MtCel7A is the major protein secreted when fungus was cultivated in cellulose (Avicel), as confirmed by the major band at or around 66 kDa on SDS/PAGE ( Fig. 2A) . MtCel7A was purified by a three-step chromatography procedure (see Materials and Methods), visualized by SDS/ PAGE (Fig. 2B) , and confirmed by MALDI-TOF/MS with 49.2% peptide coverage (MYCTH:109566 and GI:347008056) (Fig. S2 ). The yield of purified MtCel7A was 3.6 mg L
À1
of culture medium (Table S1) , and the enzyme preparation appeared homogeneous and > 95% pure as judged by densitometric analysis of SDS/PAGE (Fig. 2B) . Size exclusion chromatography indicated that MtCel7A is a monomeric enzyme (Fig. 2B ). MtCel7A has a higher molecular weight as estimated from SDS/PAGE than the predicted molecular weight of 54 kDa, most likely due to glycosylation. We further evaluated the intact protein mass by MALDI-TOF/MS. The intact MtCel7A molecular mass was 61 049 Da, higher than the theoretical 53 998 Da. The observed difference in mass suggests that glycosylation comprises~11% of the total MtCel7A mass (Fig. 2C) .
Biochemical characterization
MtCel7A substrate specificity was determined using a screen of seven cellulosic substrates (Table 1) . MtCel7A shows higher activity toward amorphous substrates such as phosphoric acid-swollen cellulose (PASC) (6.8 U mg
À1
) and lower activity using more crystalline substrates or synthetic p-NP-cellobiose when assayed at 60°C. The optimum pH and optimum temperature of MtCel7A and TrCel7A were determined using PASC as substrate (Fig. 3A,B) . Both enzymes have an optimum pH in a range between 4.0 and 5.0. On the other hand and consistent with previous reports [29] , MtCel7A showed peak activity at 70°C, while TrCel7A at 60°C. However, MtCel7A has a half-life of 60 min at 70°C and after incubation for 72 h retains more than 80% of enzymatic activity at 60°C and 100% at 50°C, respectively. On the contrary, TrCel7A showed a 70% decrease in its activity at 60°C within the first hour of the experiment (Fig. 3C,D) .
The influence of metals as well as other chemicals on the relative activity of MtCel7A is given in For comparison, the kinetic parameters (k cat , K M ) of both MtCel7A and TrCel7A were determined at 50°C using p-NP-b-cellobioside as a substrate. At this temperature, K M for MtCel7A is 2.6 times higher than TrCel7A, 0.57 AE 0.002 and 0.22 AE 0.01 mM, respectively (Table 3 ). However, MtCel7A showed seven times higher k cat at 50°C and its catalytic efficiency (k cat /K M ) is 2.6 times higher as compared to TrCel7A (Table 3) . In summary, MtCel7A shows somewhat weaker substrate binding (as indicated by higher K M ) but a higher catalytic efficiency at 50°C. The k cat /K M is higher than that determined previously [30] at 40°C, confirming that MtCel7A is more efficient at higher temperatures.
As a next step in biochemical characterization, we set out to measure MtCel7A processivity. Under the same experimental conditions, the P app for MtCel7A was considerably lower as compared to TrCel7A (Table 3) .
Small-angle X-ray scattering and modeling analysis
We used SAXS technique to obtain information about molecular shape of the full-length enzyme in solution and to derive its structural parameters as a function of temperature. MtCel7A SAXS parameters are summarized in Table 4 . The MtCel7A radius gyration (R g ) calculated by the Guinier analysis is 30. 8 A, and its linearity indicates the sample monodispersity ( Activity was determined at 60°C for 30 min in 50 mM sodium acetate (pH 5.0). were also evaluated using Kratky plot analysis ( Fig. 4B ) that revealed a well-defined maximum (q < 0.10 A À1 ) that does not decay near zero at higher q values, maintaining a slightly elevated baseline. This profile indicates low flexibility of the enzyme despite a 42-residue-long linker between its CD and CBM1. SAXS was also used to monitor protein size in solution in function of temperature as a measure of its global stability (Fig. 4C ). The R g of MtCel7A in solution increased at 60°C, which indicates initiation of aggregation or denaturation. The molecular mass obtained from SAXS data using SAXSMoW tool [31] was 59.6 kDa, close to the theoretical 54 kDa determined based on amino acid sequence calculations and experimental molecular mass of 61 kDa determined on the basis of our mass spectrometry analysis. The difference between two experimentally determined molecular mass estimates is only 2.3%. Aiming to model the entire enzyme molecule, we compared its 3D structural model containing CD attached to CBM1 via linker with MtCel7A experimental SAXS curve. Such single model fits poorly the experimental SAXS data as indicated by a v parameter of 4.37 ( Fig. 4A ). To account for inherent flexibility of MtCel7A in solution, a multistate modeling was applied. This modeling approach allows to specify the coexistence of multiple conformational states. The best experimental fit was obtained using a two-state model (Fig. 4D) . Both states present two bend spots ('PNP' and 'PVP') within the linker region with the second spot surrounded by potentially highly O-glycosylated regions (Fig. 4E) . The best representative model (52%) was glycosylated at the linker residues as predicted by bioinformatics. The final model explains significantly better the experimental scattering data (v = 2.28) and fits tightly the low-resolution molecular envelope generated by DAMMIF (Fig. 4E ). This model also suggested an intermediate linker extension of~55
A as compared to a maximum possible extension of~75
A. Its elongated form and tadpole molecular shape are characteristics for CBHs (e.g., Cel7A and Cel6A).
Overall structure of MtCel7A catalytic domain
The catalytic domain of MtCel7A was crystallized as a complex with two cellotrioses in the space group P2 1 . The structure was solved by molecular replacement using the structure of H. grisea as a search model Table 3 . Kinetics and processive considerations.
MtCel7A
TrCel7A
All reactions performed at 50°C in 50 mM sodium acetate (pH 5.0). The kinetic parameters were determined using p-NP-b-cellobioside. Apparent processivity (P app ) estimated as G2/(G1+G3) using 0.25% (wt/vol) PASC. This ratio was determined by HPAEC-PAD. (PDB code: 4CSI) and refined to 2.3 A resolution with final R work /R free of 0.14/0.20, respectively. The X-ray diffraction data and structure refinement statistics are summarized in Table 5 . The refined structure comprises residues 18-455 and 18-458, respectively, for two monomers in the asymmetric unit. Both monomers show no significant structural differences (RMSD = 0.147 A) and portray the N-terminal glutamine residues cyclized to pyroglutamate (PCA1), often observed in secreted fungal enzymes, and all 20 cysteines forming disulfide bonds. Ten disulfide and 15 salt bridges present in the MtCel7A structure are 
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The FEBS Journal 285 (2018) 559-579 ª 2017 Federation of European Biochemical Societies factors commonly associated with thermostability. One N-glycosylation site at Asn271 per monomer was modeled as NAG-NAG-MAN (Fig. 5A) . Furthermore, an electron density in the difference map (F o -F c ) suggests an O-glycosylation at Thr197. GcCel7A CD from Geotrichum candidum [23] represents the only other structure of an O-glycosylated GH7 catalytic domain. The conserved fold comprises the classical curved bsandwich composed by two antiparallel b-sheets in an equatorial elongated domain. The catalytic triad residues Glu213, Asp215, and Glu218 are inserted in a 43 A long enclosed tunnel where two cellotriose molecules with clearly defined electron density were found per monomer in subsites À4/À3/À2 and À1/+1/+2 (Fig. 5B) . The cellotriose found at the entrance of the catalytic tunnel is coordinated by the hydrogen bonding interactions with the side chains of residues Asn104, Asp180, Lys182, Asp199, Tyr248, Asp373, and His375 and by hydrophobic stacking interactions with Trp38 side chain. On the other hand, the cellotriose found at the positive subsites of the catalytic site makes hydrogen bonds with Thr247, Tyr248, Arg252, Asp260, and Asp374 (loop B3) and hydrophobic stacking interactions with Trp381. Similar cellotriose has also been observed in the crystal structures of CBHI from G. candidum (PDB code: 4ZZT), Melanocarpus albomyces (PDB code: 2RFZ), Rasamsonia emersonii (PDB code: 3PL3), and Limnoria quadripunctata (PDB code: 4HAQ). Notably, occupation of at least one cellotriose in the binding subsites À1/+1/+2 was observed for all these CBH structures but LqCel7A. Superposition of CBH-cellotriose complexes shows different possible conformations of ligand at position À1/+1/+2 (Fig. 5C ). The anomeric carbon of the first glucose unit is found far away (> 5 A) from the nucleophile residue Gln213 (oxygen OD2). This distance impairs the formation of Michaelis complex structure (~3. 4 A) [32] justifying the observed nonproductive binding of the second cellotriose in the catalytic site of the enzyme. The structural alignment of MtCel7A with related CBHs shows that residue Ala376 in loop A3 instead of tyrosine residue could affect the dynamics of loop enclosing the carbohydrate substrate in the catalytic tunnel (Fig. 5D ). Similar substitution of the Tyr residue was found earlier in H. grisea and Trichoderma harzianum Cel7A structures [33, 34] . It is noteworthy that L. quadripunctata CBHI presents an inverse situation with Gly268 in place of tyrosine in loop B3 instead of A3 (Fig. 5D ), but also is implicated in increased flexibility and plasticity of the substrate-binding tunnel [24, 34] . Moreover, the aromatic-carbohydrate interaction residues Tyr101 and Trp386, present just in some CBHI structures, are presumably involved in the substrate binding (Fig. 5D ).
Molecular dynamic simulations of M. thermophila and Trichoderma reesei catalytic domains
To better understand the structural differences observed for MtCel7A and TrCel7A and to relate them to the enzymatic activity, we performed MD simulations of enzyme/cellononaose complex. MtCel7A is significantly more flexible enzyme than TrCel7A even in the complex with the substrate (Fig. 6A ). Both enzymes have long and flexible loops covering the catalytic tunnel decorating the relatively stable b-sandwich core (Fig. 6C,D) . MD simulations show that loops B2, B3, and A4 in MtCel7A have a higher mobility than in TrCel7A (Fig. 6B) . The distance distribution between opposing loops A3 and B3 showed that its contacts are stable around 7.3 A for TrCel7A, suggesting a close conformation of the active site tunnel over 100-ns simulation. However, MtCel7A shows bimodal distribution of the loop conformations centered around 6 and 10 A, indicating that the enzyme swaps between open and closed active site conformers over time (Fig. 6E) . Furthermore, the fluctuations of carbohydrate ligand per binding site suggest that glucose residues at À7 and À6 positions are loosely interacting with MtCel7A, as opposed to the tight binding observed in TrCel7A (Fig. 6F) .
Statistical coupling analysis (SCA) of cellobiohydrolase members from GH7 family
To identify and analyze existing co-evolutionarily conserved networks of amino acid residues in GH7 family, we applied statistical coupling analysis method (SCA) [ [35] [36] [37] [38] . The data input for the analysis was a curated multiple sequence alignment (MSA) containing 355 exoglucanase sequences. This alignment is composed by amino acid sequences of enzymes that share identities with a mean value of about 60%. SCA was used to identify networks of co-evolving residues in GH7 CBH subfamily using MtCel7A as a structural template. The position-specific conservation (D i ) 
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The FEBS Journal 285 (2018) 559-579 ª 2017 Federation of European Biochemical Societies parameter has been calculated for GH7 family (Fig. 7A) . Based on the catalytic residue conservation (D i > 2), the well-conserved residues were mapped on MtCel7A structure (Fig. 7A) and were found at the enzyme core and around the catalytic tunnel (Fig. 7A ). This conservation pattern confirms its structural and functional relevance for enzymatic activity. Our SCA also confirms a high evolutionary conservation of Tyr248 in loop B3 and Ala376 in loop A3. In addition, residue Trp386 is also well represented in MSA. The pairwise correlation between all residue pairs within GH7 family was computed to define copositional variations. Next, the positional correlation matrix was analyzed using the independent component (IC)
analysis. Fourteen ICs were identified, each one representing a group of correlated residues that shares a similar pattern of co-evolution forming a contiguous network. These residues were clustered based on contribution to each IC and presented as a matrix that allowed identified internal correlations as well as between ICs (Fig. 7B) . This analysis revealed a single major sector composed by ICs (1, 3, 4, 6, 11, and 12), suggesting a group of 182 residues (42%) that collectively co-evolve and a largest set of ICs that presents little coupling with each other (Fig. 7C) . Projection of ICs on MtCel7A structure (Fig. 8A) allows to map the residues from protein sector that compose the inner side of catalytic tunnel encompassing the catalytic triad, 18 of 20 cysteine residues, and the Trp386. The other sectors include residues that compose the outer side of catalytic tunnel as well as some residues from loops A3, B2, and B3. The hierarchical decomposition of sector highlights the top IC1 (64 residues) that surrounds the substrate-binding positions À1 to +2 and includes six of 10 disulfide bonds. Interestingly, none of the MtCel7A differential residues (Fig. 5D) show co-evolution pattern except Trp386 that integrates the protein sector. The identified ICs are clearly correlated with the different steps of the Cel7A catalytic cycle. To correlate the ICs with each step of the processive cycle, key residues highlighted by Cel7A computational analysis [39] were used as baits. In the first catalytic step, the aromatic residues W38, W40, W372, and W381 found in ICs 1, 4, and 6 ( Fig. 8B ) are essential to substrate loading and stabilization. The following step is the processive motion during which R252, D260, and R398 side chains makes interactions that allow the glucosyl rings to slide. These residues compose ICs 1, 3, and 12. Residues D174, E213, D215, and E218 that activate the substrate and perform catalysis in the last step of the catalytic cycle belong to ICs 4 and 11 (Fig. 8B) .
Discussion
GH7 CBHs (CBH) are the central components of cellulase cocktails for industrial applications used to convert biomass into fermentable sugars. CBHs from thermophilic microorganisms are of interest for biotechnological applications because they allow to run bioprocesses at higher temperatures, thus augmenting the speed of the reactions, their throughputs and yields, decreasing viscosity of the reactant solution, and alleviating problems related to bacterial contamination. Here, we studied the most abundant CBHI produced and secreted by M. thermophila using protein crystallography, small-angle X-ray scattering, molecular dynamics, and statistical coupling analysis to obtain detailed information on structure and enzymatic activities. The SAXS study depicts MtCel7A as a tadpole-like shape enzyme highlighting its typical two-domain architecture. The size and shape of MtCel7A are similar to other CBHs such as the ones from T. reesei and T. harzianum [40, 41] determined using the same technique. The SAXS data also suggested that the linker is kinked, glycosylated, and somewhat surprisingly inflexible and rigid in solution. This structural characteristic was also identified for TrCel7A linker which has just one putative hinge spot [42] . On the other hand, MtCel7A shows two putative hinges that separate two locally highly glycosylated regions ('SSST' and 'SSSTTSS') that presumably confer rigidity to the linker [43] and are responsible to shorten its extension by about 20
A from a possible maximum extension length. The catalytic and structural features of MtCel7A were compared with the well-studied TrCel7A. Based on the crystallographic data, 3D structures of the catalytic domains, which share 63% amino acid sequence identity, are quite conserved (RMSD = 0.426 A), but the enzymes have markedly different thermostabilities and kinetic parameters. Consistent with the fact that MtCel7A is a more thermostable enzyme, its crystallographic structure revealed more salt bridges (15 in total) as compared to TrCel7A, which has only nine salt bridges. Many of these bridges are distributed on the floor of the catalytic tunnel and outside the hydrophobic core (Fig. 9) . The abundance and disposition of salt bridges are being associated with protein thermostability impairing the diffusion of water molecules into the enzyme hydrophobic core and thus avoiding its thermal destabilization [44] [45] [46] . Enzyme kinetic studies show that MtCel7A is significantly (about 35%) less processive on amorphous cellulose than TrCel7A. However, MtCel7A has a higher catalytic efficiency as revealed by a 2.6 times higher k cat / K M and considerably more elevated thermostability. This is consistent with the notion that classical processive enzymes have higher substrate affinity [47] and that maximal rate of thermostable Cel7A increases strongly with temperature (thermal activation) [48] . It has been suggested that such increase in the enzyme k cat and K M values could result from MtCel7A Ala375 substitution of the equivalent Tyr371 encountered in loop A3 in TrCel7A [29] . However, in line with previous reports [16, 23, 24, 34] , our molecular dynamic simulations show that Tyr371 from TrCel7A strongly interacts with Tyr247 from the opposite loop B3. The alanine replacement in loop A3 found in MtCel7A breaks this hydrogen bond and confers higher flexibility to the opposite loop B3. The loop flexibility has been reported to be a key factor that influences the release of nonproductively cellulosebonded enzyme, endo-initiation propensity and processivity [16, 49] . We advocate that conformational flexibility of the active tunnel lid loops could be responsible for the higher catalytic efficiency of MtCel7A. The correlation between B3 loop flexibility and higher kinetic parameters has been also described for CBHI from the cellulolytic fungus T. harzianum [34] . On the other hand, loop B2 located at the tunnel entrance presents high sequence diversity and is the most flexible in our MD simulations. This fact could justify a lower apparent processivity, defined as the number of hydrolysis steps per productive binding events, as a function of high substrate detachment rate that also influences the rate of dissociation from the nonproductive enzyme-substrate complexes, rescuing stalled exoglucanases. A similar phenomenon has been observed for CBHs from Phanerochaete chysosporyum and Heterobasidion irregulare [16] . The lower processivity is also correlated with a higher moving velocity on the substrate surface because of weaker interactions [50] . Although the standard protocol for processivity measurement is still being established, MtCel7A apparent processivity (P app ) of 6.7 fits into the lower range of values for P app ranging from 4 to 25 as reported for other cellulases [24, 49, 51, 52] . Different techniques, substrates, and protein loading contribute to considerable dispersion of P app values. For example, the apparent processivity measured for TrCel7A using amorphous cellulose varies from 20.8 AE 1.2 (fluorescently labeled cellulose [49] ), 14 (quantification of glucose, cellobiose, and cellotriose products [53] ), 10.3 AE 1.9 (same method, present work), and~15 (amperometric biosensor [47, 54] ). Moreover, analysis performed by Kurasin and Valjamae [49] shows that P app value is sensitive to enzyme loading, which might explain the differences between the values obtained here and in Ref. [53] for TrCel7A processivity using the same method. Notwithstanding the method of studies, the apparent processivity of MtCel7A is clearly smaller than P app value determined for T. reesei Cel7A enzyme. According to Jalak and Valjamae [55] , CBHs travel on an obstacle-free path of about 10 cellobiose units before they get trapped using amorphous cellulose as substrate. In this scenario, TrCel7A reaches a maximum processivity (P app = 10.3), which is limited by obstacles present in the substrate. On the other hand, MtCel7A has a higher dissociation rate that is also increased at higher temperatures. This feature could be particularly advantageous for biotechnological applications of MtCel7A exoglucanase in depolymerization of lignocellulosic materials, when the rate of detachment from the substrate strongly influences, if not determines, the cellulase efficiency [31, 43, 44] .
Further, our SCA-derived co-evolution pattern of residues computed for GH7 exoglucanases [38] and projected onto MtCel7A structure reveals that the significant co-evolution sector maps at or close to the active site tunnel of the enzyme. It has been previously shown that SCA is capable of identifying coevolved set of residues that have distinct functional roles and form independent clusters of sequence divergence within particular protein family [37] . Detailed analysis of independent components (ICs), corresponding to the protein sector assigned in SCA, suggested a correlation between them and the fundamental processive steps of the enzyme, including preslide, slide mode, and Michaelis complex steps [39] that compose the catalytic cycle. This interpretation is consistent with the notion that ICs can be described as an independent cluster or as subparts of a single sector related to different biochemical functions [38] . Thus, SCA reveals functionally connected and co-evolved groups of residues in GH7 family of enzymes that could cooperatively be involved in each step of catalysis. Furthermore, the biggest IC [1] can also be described in terms of different substrate affinity. Colussi et al. [56] showed that processivity depends on a complex interaction between enzyme and substrate with a thermodynamic profile along the catalytic tunnel [56] . IC1 connects residues around the departure site and catalytic site responsible for a tighter binding to cellulose chain mediated by a small number of strong interactions [56] . Thus, in line with previous studies [35] [36] [37] , our analysis confirms SCA as a valuable tool to identify distinct networks of residues associated with distinct functional roles and representing evolutionally coevolved clusters in GH7 family of enzymes. These findings can offer additional support for design of new enzymes with biotechnologically relevant characteristics.
Materials and methods

Chemicals
All chemicals were purchased from Merck (Darmstadt, Hessen, Germany), Sigma-Aldrich (St Louis, MO, USA), J.T. Baker (the Netherlands), or Thermo Scientific (San Jose, CA, USA). The substrates p-NP-b-D-cellobioside, Avicel PH-101, carboxymethylcellulose, cellopentaose, and cellotetraose were obtained from Sigma-Aldrich; arabinan, galactomannan, barley b-glucan, lichenan, 1,4-b-D-manan, xyloglucan, and cellohexaose were obtained from Megazyme (Wicklow, Ireland). Phosphoric acid-swollen cellulose (PASC) was prepared from Avicel as described [57] . Bacterial microcrystalline cellulose was prepared according to a previous description [58] .
Sequence data, multiple sequence alignment, and analysis
The uncharacterized gene (MYCTH_109566) from M. thermophila genome was identified, compared, and analyzed using BLAST tools [59] . The amino acid sequence alignment using GH7 CBHs with solved tridimensional structures was performed with T-Coffee [60] . The biochemical properties were estimated by ProtParam tools [61] . The signal peptide position was determined using the SignalP 4.1 [62] . Potential O-and N-glycosylation sites were predicted using NetOGlyc 4.0 [63] and NetNGlyc 1.0 on ExPASy [64] .
Statistical coupling analysis (SCA) and evolutionary conservation
The SCA implemented in a python-based software package PYSCA [38] was used for amino acid residues co-evolution analysis. A multiple amino acid sequence alignment containing 6413 GH7 glycoside hydrolase members generated by PFAM (PF00840) was used as a raw data file. This file was preprocessed to separate CBHs from endoglucanases based on pairwise alignment of each sequence with the well-known EndoI from T. reesei (XP_006965674.1) followed by manual inspection. The output was then submitted to multivariate analysis. The sectors of co-evolved residues were mapped onto MtCel7A crystal structure, and the figures were generated using PYMOL (Schr€ odinger, New York, NY, USA).
Strain, culture media, and sample preparation Myceliophthora thermophila M.77 was isolated from a sugarcane bagasse pile of the northwest region of São Paulo State, Brazil, and was deposited at the Fungal Genetics Stock Center FGSC#16432 [27] . A similar M. thermophila strain ATCC 42464 was sequenced by the DOE Joint Genome Institute Fungal Genomics Program and was used for DNA sequence-based interpretation of LC-MS/MS data [25] . M. thermophila M.77 was maintained at 45°C on potato dextrose agar (PDA). M. thermophila M.7.7 conidiospores were recovered by scraping PDA petri dishes grown on PDA at 45°C for 5 days, centrifuged, suspended in sterile water, and used to inoculate shaker flasks. Conidia at 10 6 spores per mL were inoculated in 2 L of Mandels and Sternberg salts [65] amended with 0.1% (w/v) peptone and 1.0% (w/v) Avicel as a carbon source and cellulase expression inducer. The cultures were incubated at 45°C, 250 rpm for 48 h. The extracellular proteins were separated from mycelia using Miracloth membrane and further clarified by centrifugation at 3000 g for 30 min at 4°C. This solution was concentrated 20 times and washed twice with 50 mM NaCl and 50 mM Tris/HCl pH 8.0 using tangential flow filtration (Hollow fiber; GE HealthCare, Little Chalfont, UK).
Enzyme purification and identification
The MtCel7A was purified from total secreted enzymes using three chromatographic steps. The concentrated solution was loaded onto a 20-mL home-packed DEAE/Sephadex column equilibrated with 50 mM Tris/HCl buffer (pH 8.0). Enzymes were collected in the flow-through fraction and concentrated by ultrafiltration with 10-kDa MWCO concentrator (GE Healthcare). The protein sample was next applied onto a Q-Sepharose high-performance column (GE Healthcare) equilibrated with 50 mM Tris/HCl (pH 8.0). The enzyme was eluted using a linear gradient to 50 mM Tris/HCl, 1 M sodium chloride, pH 8.0. The fractions containing MtCel7A were combined, concentrated, and loaded onto a size exclusion chromatography on HiLoad 16/60 Sephadex75 column (GE Healthcare) with a running buffer consisting of 150 mM NaCl and 20 mM Tris/HCl pH 8.0. The total protein was quantified spectrophotometrically at 280 nm using a molar extinction coefficient. The protein purity was analyzed by SDS/PAGE [66] stained with Coomassie blue G-250. Protein concentration was measured at 280 nm using a Nanodrop Spectrophotometer (Thermo Scientific) using a theoretical molar extinction coefficient of 91 800 mM À1 cm À1 . The Cel7A from T. reesei used in the comparative study was purified from Cellulase from T. reesei (Sigma-Aldrich) using the same chromatographic steps applied for MtCel7A.
MALDI-TOF mass spectrometry
The protein identity was confirmed by mass spectrometry. The isolated protein band was removed from the SDS/ PAGE and was submitted to in-gel trypsin (20 ngÁlL À1 )
digestion [67] . An aliquot of digested product was mixed with a-cyano-4-hydroxy cinnamic acid matrix (1 : 1) at 10 mgÁmL À1 and allowed to dry over the sample plate. The measurements were taken in a linear positive-ion mode within a range of 400-3300 m/z. Average masses were assigned and processed using flexAnalysisTM software (Bruker Daltonics, Bremen, Germany). The mass fingerprint search was performed using BioToolsTM (Bruker Daltonics), and the peptide m/z list was generated in silico by computational tryptic digestion of protein amino acid sequence. The intact mass analysis of MtCel7A was performed by cocrystallization with sinapinic acid matrix (10 mgÁmL À1 ) in 50% acetonitrile (v/v)/1% TFA (v/v) in the ratio of 1 : 1. The MALDI-TOF mass spectra were recorded in the range of m/z 20 000-110 000 in the positive linear mode. Around 10 mass spectra were recorded by averaging 500 laser shots. Mass calibration was carried out using Protein Standard II (Bruker Daltonics). All measurements were taken using Microflex LT MALDI-TOF mass spectrometer (Bruker Daltonics).
Enzyme activity assays and characterization
The enzymatic reactions were conducted at optimum pH and temperature using 50 mM sodium acetate buffer. Reducing sugars released after enzymatic hydrolysis were quantified by DNS method [68] . One unit (U) of enzyme activity was defined as the amount of enzyme that catalyzes the release of 1.0 lmol of reducing sugars/min. All experiments were performed in triplicate. The optimal pH and temperature were determined under standard conditions using PASC as a substrate. The dependence of pH on the hydrolytic activity was evaluated using citrate/glycine/phosphate buffer. Thermostability of the purified enzyme was monitored by pre-incubating the enzyme under standard conditions during different times at 50, 60, and 70°C. The effect of various metal ions, solvents, and surfactants on activity of the enzyme was determined by incubating at optimum conditions. The kinetics studies were carried out using p-NP-b-D-cellobioside as a substrate, incubating the enzymatic system at 50°C for 30 min and stopped by the addition of sodium carbonate (500 mM). All reactions were performed in triplicate, and data were analyzed through Michaelis-Menten plot. The linear regression fitting was performed using OriginPro 8 (Origin Lab, Northampton, MA, USA) to yield the kinetic constants V max , K M, and k cat .
Hydrolysis product analysis by high-performance anion exchange chromatography (HPAEC) and apparent processivity of cellulases
In order to access and to compare the processivity of MtCel7A and TrCel7A, the oligosaccharides hydrolyzed from PASC were analyzed by HPAEC. The reactions were carried out at 50°C in 0.1 M sodium acetate buffer (pH 5.0) containing 0.25% (wt/vol) PASC and 1.5 lM TrCel7A or 0.25 lM MtCel7A. The hydrolyzed products were separated from insoluble PASC by centrifugation for 10 min at 13 000 g. The soluble sugars were filtered through a 0.45-lM syringe filter (Millipore). Reaction products were separated using DIONEX ICS3000 instrument connected to a CarboPac PA1 4 9 250 mm column (DIONEX, Sunnyvale, CA, USA). The column was pre-equilibrated with 100 mM NaOH for 5 min at 1 mLÁmin À1 , and the saccharides were resolved using a gradient from 100 mM NaOH/ 0 mM NaAc to 100 mM NaOH/150 mM NaAc over 20 min followed by a wash step in 100 mM NaOH/1 M NaAc for 2 min and equilibration with 100 mM NaOH for 5 min. The apparent processivity (P app ) was estimated based on product profile as a ratio of cellobiose (G2) to (cellotriose (G3)+ glucose (G1)). This method relies on quantification of the main product, cellobiose, produced along the sequential processive acts and its comparison with glucose and cellotriose released from the initial hydrolysis steps. This technique is simpler and faster than kinetic analysis of the steady-state rates [47] or fluorescence [49] methods and has been successfully employed to estimate the processivity of exocellulases from GH7 [24, 53] and GH6 [52] family.
Small-angle X-ray scattering (SAXS) measurements
SAXS data were collected at the D11A-SAXS1 beamline of the Brazilian National Synchrotron Light Laboratory (Campinas, Brazil). The radiation wavelength was 1.55 A, and the data were collected using Pilatus detector. 936 mm distance was used to cover scattering vectors (q = 4p/ksin (h), where 2h is the scattering angle) ranging from 0.14 to Buffer scattering patterns were subtracted from the sample' scattering, taking into account attenuation. The scattering curves were normalized by the protein concentration and exposure time to check for aggregation or radiation damage effects. Guinier analysis was used to validate system monodispersity and the radius of gyration (R g ) that was determined by the indirect Fourier transform method using GNOM [69] . The distance distribution function P(r) was analyzed by GNOM, and the maximum diameter (D max ) was assigned. The experimental molecular weight of MtCel7A based on SAXS data was calculated using the SAXS MoW [31] . Ten low-resolution ab initio envelopes were generated by DAMMIF [70] , aligned, and averaged using DAMAVER [71] . Theoretical scattering profiles of ab initio model and homology models were compared to experimental scattering profiles using FoXS [72] .
All-Atom model of glycosylated MtCel7A
Full-length MtCel7A CBM1 structural model was generated using SWISSMODEL [73] and appended to the crystallographic structure of MtCel7A CD by a linker region built using the loop refinement protocol from MODELLER 9.16 [74] . The best initial structure, validated based on its Ramachandran plot and optimum fitting to experimental SAXS data, was used as a template for multistate modeling implemented in MultiFoXS web server (http://modbase.c ompbio.ucsf.edu/multifoxs) [75] . This approach involves sampling of 10 000 linker conformations using rapidly exploring random trees (RRTs), performing a multistate model enumeration using an interactively branch-andbound method. The best model in two-state ensemble was glycosylated using GLYCOSYLATION tool implemented in ATSAS package [76] .
Crystallization and X-ray structure determination [77] . X-ray diffraction data were recorded using Pilatus2M detector, exposure time of 2 s per image, and an oscillation angle of 0.5°. The diffraction image data were indexed, integrated, and scaled using XDS package [78] . Molecular replacement was performed by Phaser [79] using the atomic coordinates of Cel7A from Humicola grisea var. thermoidea (PDB code 4CSI [33]) as a template. Refinement cycles were performed using Coot [80] and PHENIX-refine [81] programs. Model quality was evaluated using Molprobity [82] . The atomic coordinates have been deposited at the Protein Data Bank (PDB) under the accession code 5W11.
Molecular dynamics simulations
Both M. thermophila Cel7A CD coordinates obtained in this study and T. reesei TrCel7A CD structure (PDB code: 8CEL) with a cellononaose modeled in the active site were used in our molecular dynamics simulations. The same carbohydrate ligand was docked into MtCel7A structure after alignment with TrCel7A using PYMOL (The PyMOL Molecular Graphics System, version 1.2r3pre; Schr€ odinger, LLC, Cambridge, MA, USA). Furthermore, the CD structures were simulated without natural glycosylations because previous reports pointed out little contributions of these posttranslational modifications on the MD timescale [83] . The residues' protonation states were estimated using H++ server considering pH 5.0 and 0.15 M NaCl system [84] . The enzyme-carbohydrate structures were solvated in cubic boxes such that the solvent layer was at least 10 A thick. Sodium and chloride ions were added to reach neutrality. The molecular systems consisted of~60 000 atoms. The simulations were set up using the CHARMM force field [85] , TIP3P water model [86] , and CHARMM36 carbohydrate force field to describe cellodextrins [87] . Each system was minimized and heated according to the following steps: (a) The water, ions, and ligand molecules were minimized for 1200 steps of conjugated gradient algorithm, while protein remained fixed; (b) 1200 steps of conjugated gradient minimization with enzyme backbone fixed; and (c) the systems were heated from 100 K to 310 K in 4 ps followed by 190 ps of molecular dynamics with no restraints. The MD simulations were performed with NAMD [88] in the NVT ensemble for 100 ns with a 2-fs time step at 310 K. The MD trajectories were analyzed using VMD [89] and computational codes programmed in-house. 
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